This study provides thermal expansion data for blood vessels permeated with the cryoprotective cocktail DP6, when combined with selected synthetic ice modulators (SIMs): 12% polyethylene glycol 400, 6% 1,3-cyclohexanediol, and 6% 2,3-butanediol. The general classification of SIMs includes molecules that modulate ice nucleation and growth, or possess properties of stabilizing the amorphous state, by virtue of their chemical structure and at concentrations that are not explained on a purely colligative basis. The current study is part of an ongoing effort to characterize thermo-mechanical effects on structural integrity of cryopreserved materials, where thermal expansion is the driving mechanism to thermo-mechanical stress. This study focuses on the lower part of the cryogenic temperature range, where the cryoprotective agent (CPA) behaves as a solid for all practical applications. By combining results obtained in the current study with literature data on the thermal expansion in the upper part of the cryogenic temperature range, unified thermal expansion curves are presented.
INTRODUCTION
One of the most significant limiting factors in the development of successful cryopreservation techniques for large-size specimens is the development of thermomechanical stress, potentially compromising the structural integrity of the specimen. In continuum mechanics, stress is a physical quantity that expresses the internal forces that neighboring particles of a continuous material exert on each other. Thermo-mechanical stress is commonly used to describe mechanical stress resulting from thermal expansion (or contraction when the material is cooled), which is the tendency of matter to change in volume in response to a change in temperature.
Thermo-mechanical stress may develop when adjacent regions of the material tend to expand differently, or when the material's expansion is constrained. In a pure material, differential thermal expansion develops in phase-change sites [17, 19] or as a result of temperature gradients [18, 19, 24] . When a biological specimen is cryopreserved, the various constituents of the material may also possess different thermal expansion properties, further enhancing thermo-mechanical stresses [22] . The bag or container used to store the cryopreservation product may also expand at a different rate, mechanically loading the specimen [21, 23] .
Irreversible changes to the structure of the specimen as a result of thermo-mechanical stress may be expressed at different scales. For example, shear stress-the component of stress coplanar with a material cross section-has shown to lead to DNA fragmentation [6, 28] , although not demonstrated in a cryogenic environment. The level of mechanical stresses reported in [6, 28] can easily be exceeded during a cryopreservation protocol [19] . At the cellular level, extracellular ice formation may lead to an efflux of water from the cell, the forces from which may possibly be sufficient to rupture the membrane [12] . Fracture formation is often an indication of structural failure of larger specimens such as heart valves [1] , and blood vessels [2, 13] . A new device has been developed recently-the cryomacroscope-to investigate fracturing events during the processes of cryopreservation [4, 15, 20] . Unfortunately, the correlation of structural damage with the development of thermo-mechanical stress in cryopreserved specimens represents a largely unexplored area in cryopreservation research.
The evolution of events leading to structural damage is dependent upon the phase of state of the material. For example, engineering concepts related to mechanical failure in crystallized materials can be used to investigate structural damage during cryosurgery [18] . As another example, engineering concepts related to glass formation can be used to analyze structural integrity of materials cryopreserved by vitrification [21] [22] [23] . More recently, the application of cryopreservation with the aid of synthetic ice modulators (SIM) has been investigated [5] , but engineering concepts related to such a process are still in their infancy.
In broad terms, SIMs are compounds that influence the formation and growth of ice nuclei and crystals by various purported mechanisms as discussed in more detail in [5] . This general classification embraces several categories of molecules that have been shown to modulate ice formation and growth. For example, molecules such as 1,3-cyclohexanediol (1,3-CHD) that specifically attenuates the growth of ice crystals by virtue of its chemical structure have been referred to as synthetic ice blockers (SIBs) [3, 27] . Other SIMS such as 2,3-butanediol (2,3-BD) and polyethylene glycol (PEG400) facilitate the stability of the amorphous state by virtue of their interactions with water. As such, ice modulators make useful stabilizing supplements to vitrification solutions to enhance their amorphous stability and help reduce both the concentrations of other cryoprotectant solutes necessary and the likelihood of ice formation. To a large extent, the SIM classification is a practical one-it is derived from the outcome of adding the corresponding compounds into the cryopreservation cocktail, rather than attributing that outcome to a unique physical mechanism.
As with any cryoprotectant, the practical utility of SIMs in cryobiology represents a balance between physical and chemical properties and their interactions with living cells. It is generally recognized that toxicity is dependent upon concentration, and often temperature, irrespective of intrinsic physical properties. The rational approach of reducing the inherent chemical toxicity of the CPA cocktail by reducing the total concentration of solutes while retaining desirable physical attributes is an underlying value of incorporating SIMs [26, 27] .
The combination of ordinary CPA cocktails with SIMs is further expected to reduce the high cooling rate necessary for vitrification, which is critical to scale-up cryopreservation for two primary reasons: (i) regardless of the cooling mechanism at the outer surface, the maximum achievable cooling rate at the center of a bulky specimen is never greater than that at the surface-limited by principles of heat conduction through the tissue, and (ii) lower cooling rates often mean lower thermo-mechanical stress and diminishing risk to structural damage.
While the concept of SIM as a controlling agent of crystal growth is not new, very limited corresponding information is available in the literature of cryobiology. Of particular relevance is a recent report on the application of the CPA cocktail DP6 combined with 1,3cyclohexanediol (1,3-CHD) as an experimental SIB, which demonstrated significantly improved tendency for vitrification in the preservation of pancreatic islets [26] . That study showed higher islet viability post cryopreservation when compared with established reference vitrification solutions.
As part of an ongoing effort to investigate thermo-mechanical effects in cryopreservation [5, [8] [9] [10] [11] 14, 16, 20, [22] [23] [24] [25] , the current study focuses on measuring thermal expansion, which is the driving mechanism for thermo-mechanical stress. Since the vitrifying material changes behavior from fluid-like [5, 14, 16] to solid like [8, 9] , two different experimental systems are required for mapping the effects of thermal expansion. The current study is focused on the lower part of the cryogenic temperature range where the CPA-SIM cocktail behaves as a solid. Thermal expansion of DMSO in various concentrations as well as the CPA cocktails: VS55, DP6, DP6 + 12% PEG400, DP6 + 6% 1,3-CHD and DP6 + 6% 2,3-BD have been measured in the presence and absence of biological samples in the upper part of the cryogenic temperature range [5, 14, 16] . Additionally, thermal expansion of goat arteries permeated with DMSO, VS55, and DP6 have all been measured in the lower part of the cryogenic temperature range [9] . By combining the data obtained in the current study with previously obtained data corresponding to the upper part of the cryogenic temperature range [5] , the thermal expansion behavior of DP6 combined with various SIMs is presented for the first time from 0°C down to sub-glass transition temperatures.
MATERIALS AND METHODS

Experimental Setup
The device used to measure thermal expansion in the lower part of the cryogenic temperature range was previously developed and validated [8] , and is presented here in brief for the completeness of presentation. With reference to Fig. 1 , the experimental system consists of six units: (1) a cooling chamber; (2) a low pressure cooling unit for slow cooling;
(3) a high pressure cooling unit for rapid cooling; (4) a closed-loop electrical heating unit for thermal control of the cooling chamber; (5) a computerized sensory unit to record specimen elongation and thermal history; and (6) a specimen gripping unit and telescopic glass tubing for displacement measurements, where the displacement sensor operates at room temperature. The experimental system was designed and constructed at the Biothermal Technology Laboratory at Carnegie Mellon University. Figure 2 displays a schematic illustration of the cooling chamber assembly. The cooling chamber is constructed of a yellow brass block. Due to the high thermal conductivity of brass, (k = 83 W/m-K) the cooling chamber behaves as a lumped system in the thermal sense. A groove is machined along one side of the block in order to accommodate the blood vessel specimen and is covered with a brass plate. The cooling chamber is attached to an aluminum beam which extends from the low pressure cooling unit, which operates at atmospheric temperature. Between the cooling chamber and the aluminum beam is a thin Plexiglass plate which acts as a thermal barrier (as shown in Fig. 1 ). This slows down the heat transfer and conserves liquid nitrogen stored in the low pressure cooling unit. The contact face of the chamber with the Plexiglass plate is on the face opposite of the cooling chamber groove. The high pressure cooling unit consists of two heat exchangers, one on each side of the cooling chamber, liquid nitrogen container, and a portable air pressure container. The heat exchangers are connected in parallel to the high pressure liquid nitrogen container. The high pressure cooling unit is manually operated while the low pressure cooling unit is active throughout the experiment.
Two cylindrical holes are drilled along the cooling chamber, to accommodate a pair of cartridge-electrical heaters, which are connected in parallel to the temperature controller and power supply. A copper-constantan thermocouple (type T) is connected to the cooling chamber in a drilled hole between the electrical heaters and the groove of the chamber, which closes the feedback loop of the control system.
The computerized sensory unit comprises a regular desktop computer, an analog to digital converter and multiplexer in one unit (OMEGA, OMB-DAQ 55) an array of T-type thermocouples, a linear variable differential transformer (LVDT) sensor and a power supply to excite the LVDT. In order to thermally isolate the LVDT from the rest of the experiment, a system of telescopic glass tubing was used-a tube and a rod. The glass tube is vertically connected to the cooling chamber at one end, and to the LVDT coil at the other end. The glass rod is connected to the specimen at one end, and to the LVDT core at the other end. With reference to Fig. 2 , the blood vessel specimen is connected onto a threaded screw, which extends from the plate covering the top side of the cooling chamber groove. To operate the system, first the liquid nitrogen reservoir of the low pressure cooling system is filled-in order to pre-cool the system, while the cartridge heaters are turned on-in order to hold the cooling chamber at a steady initial temperature of 0°C. After the system has reached steady state, the heater is turned off and the high-pressure cooling system is activated. The high pressure cooling unit, working simultaneously with the low pressure cooling unit, allows the cooling rate to be high enough (~ −40°C/min) to prevent crystallization while the system is cooled down to the minimum temperature (typically between −160°C and −170ºC). Next, the high pressure system is turned off and the heater is turned back on until the system reaches room temperature. The average rewarming rate is 8.25°C/min, starting at 11°C/min upon activation and reaching 5.5°C/min at −80°C, which is the upper temperature range for data collection in this study (see [8] for further details on system operation).
The contraction of the cooling chamber, the telescopic tubing, and the blood vessel differ, which causes an axial movement of the glass rod inside the glass tube. This moves the core of the LVDT relative to its coil. The LVDT core movement is recorded through the USB-A/D converter and multiplexer, concurrently with the thermal history of the specimen and cooling chamber. With both the axial displacement and the temperature history, the thermal strain of the blood vessel specimen and its thermal expansion coefficient can be calculated as described below.
Each experiment produces a continuously varying thermal strain response as temperature rises and is sampled at a rate of 1 Hz. The multiplexer was set to measure data from seven different inputs with a measurement duration of 110ms. This led to a maximum time delay of 0.77s between the first and last measurements. The maximum rewarming rate for analyzed data (Fig. 3 ) is about 9.5°C/min. It follows that the maximum temperature increment between consecutive measurements is 0.16°C. Due to uncertainty relating to the actual time of measurement within each sampling cycle (7 inputs at 110 ms each, results in a sampling cycle of 0.77s), the uncertainty in sampled temperature may reach up to 0.12°C. This uncertainty is significantly smaller than the inherent uncertainty for the T-type thermocouple (0.5°C) used in the current system. Nonetheless, the linear thermal expansion coefficient-the inferred property in the current experimental investigation-is a monotonic and very slow changing property. The effect of 0.16ºC temperature increment on the correlation between the thermal expansion coefficient and temperature is deemed negligible (see [8] for more detailed uncertainty analysis).
With reference to [8] , two modifications are integrated into the experimental setup: (i) the glass rod and threaded screw diameter used in this study were changed from 3mm to 1.5mm, to be compatible with smaller size blood vessel specimens, and (ii) a higher precision power supply was used in the current study-Hewlett, Packard 6228B, instead of a Bested, Model BPS-2004-4U. These modification necessitated recalibration of the experimental system, following the process outlined in [8] .
Artery Sample Preparation
All tissues used in this experiment were donated by a local slaughterhouse. No animals were sacrificed specifically for the purpose of the current study. The main carotid artery was harvested from goats (which were sacrificed for other purposes). Tested samples had a diameter in the range of 3 to 5 mm, length in the range from 40 to 52 mm, and a wall thickness of about 1 mm (diameter and wall thickness have no effect on the thermal expansion measurements). Samples were immersed in SPS-1 organ preservation solution (Organ Recovery Systems, Inc. Itasca, IL) immediately after harvesting and stored at 4°C for a period between one and five days. This time period was selected due to availability of specimens and appeared to have no effect on experimental results. While storing the specimens in such conditions is likely to affect viability and functionality of the blood vessel, it has no effect on its thermo-physical properties, as has been demonstrated previously [5, 9] . Following the procedure outlined in [5] , each specimen was immersed in the DP6 + SIM solution for 2 h before testing. The two cocktails are similar, excepting the omission of formamide from DP6 to reduce its toxicity. In return, DP6 contains a higher concentration of propylene glycol. While VS55 has been found to be a much better glass promoting cocktail [16, 20] , DP6 appears to be more promising due to its reduced overall CPA concentration, and therefore its toxicity. The downside in the application of DP6 is the high cooling rate typically required for vitrification. Hence, this proposal focuses on DP6 combined with SIMs, in an effort to improve its performance.
While many SIMs could be selected, the choice of practice is based on recent experience developed by the current research team [5, 27] , the following cocktails have been tested: DP6 + 12% PEG400 (n = 5), DP6 + 6% 1,3-CHD (n = 5), and DP6 + 6% 2,3-BD (n = 4), where n is the number of specimens and each specimen was tested twice (a total of 2n experiments). Two experiments were performed on each specimen to investigate the effect of repeated cooling-thawing cycles. Experiments were repeated on multiple arteries in order to investigate variance among tissue samples as well as to eliminate any systemic and preparation errors. All SIMs, PEG400, 1,3-cyclohexanediol (98% mixture of cis and trans isomers), and 2,3-butanediol (2R,3R isomer), were obtained from Sigma-Aldrich (St. Louis, MO) and DP6 was obtained from Cell and Tissue Systems, Inc. (North Charleston, SC).
Data Analysis
The experimental protocol, a detailed mathematical analysis of the system, and uncertainty analysis have all been presented previously [8, 9] . Key equations and a brief description of the data analysis process are presented here for the completeness of presentation. Due to the two modifications described above, the system had to be recalibrated. First, a voltagedisplacement curve was obtained, by driving the glass rod with a depth micrometer and recording the LVDT voltage output.
The LVDT displacement reading is the sum of: (1) where ΔL s is the tissue sample elongation, ΔL g is the elongation of the portion of the glass rod that extends into the cooling chamber, and ΔL c is the elongation of the cooling chamber. In order to obtain ΔL s , the unknown quantity (ΔL g -ΔL c ) has to be measured experimentally, following the procedure described in [8] -this quantity is unique to the specific experimental setup. Eisenberg 
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Finally, the thermal strain (the relative contraction) of the blood vessel is calculated by: (2) where L s is the initial length of the specimen. The linear thermal expansion coefficient is the rate of change of thermal strain with respect to temperature: (3) where □ is a polynomial approximation of the temperature dependence of the strain, ε.
While the property of thermal expansion is intrinsic, the thermal strain is a relative measure specific to a particular process (i.e. the integral of thermal expansion over temperature along the process). Figure 3 displays a typical thermal history in a thermal strain experiment. Due to the large temperature distribution in the cooling chamber during the cooling phase of the experiment, data analysis in the current study is focused on the rewarming phase, when the temperature distribution is moderate (less that ±7°C from the average in the experiment displayed in Fig.  3 ). Data collection starts at the lowest temperature achieved and continues until the specimen reaches a certain temperature, T B , (Fig. 4a) where the material can no longer be approximated as solid. While the precise location of T B may vary between experiments, based on the data collected in the current study and the conclusions drawn in [9] , −80°C appears to be below that temperature threshold for all experiments. Hence, data analysis in the current study is focused on the temperature range of −80°C (point B) to the lowest temperature obtainable for a given experiment (point C)-typically in the range of −170ºC to −160ºC. A second order polynomial has been used in a previous study to approximate the thermal strain at low temperatures [12] , attempting a 2 nd order fit, resulted in a coefficient of determination (R 2 ) value of 0.9914. Results of this study suggest a better fit with a 4 th order polynomial, resulting in an R 2 value of 0.9995 ( Fig. 4(b) ). Data obtained in this study on the thermal expansion of DP6 matched reasonably well previously obtained data [9] . However, due to the slow rewarming rate (between 5.5 and 9.5°C/min), which is below the critical rate of 185ºC/min, we are unable to exclude rewarming phase crystallization effects, and that data was not included in the current report.
RESULTS AND DISCUSSION
While the property of thermal expansion is intrinsic, the thermal strain is an integral property (the integral of the thermal expansion coefficient with respect to temperature), which is dependent upon an initial condition. In these experiments, the initial condition is the initial temperature, which varies between experiments. Since each experiment starts at a slightly different temperature, the approximation of ê j from a specific experiment, j (j = 1, …,2n), needs to be shifted in the ε direction (vertical direction) within the ε-T plane so that the data sets overlap. Once one experiment is arbitrary selected as a reference, ê k (k = j, j = 1,…,2n), experimental results from all other experiments are shifted by a constant value Δê j , so that the parameter F j is minimized (a different value for each experiment): 
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Author Manuscript (4) where i represents all the overlapping points from the polynomial approximations ê k and ê j Due to the exponentially decaying rewarming rate, Eq. (4) is used on polynomial approximations of the original experimental datasets, rather than on raw data; otherwise it would have overweighted the differences at higher temperatures. In practice, the temperature range of interest was discretized in 5°C increments, with m value typically equal to 16.
Decreasing that temperature increment to 0.16°C, which is the maximum temperature increment at 1Hz (as discussed above), had insignificant effect on Δê j of less than 1.52% of full scale.
Finally, a polynomial approximation, ê, is estimated for the combined shifted data from all the experiments. Figure 5 displays the thermal expansion data for goat arteries permeated with each of the three SIMs under investigation. The uncertainty range illustrated in Fig. 5 represents a 2σ range, which is consistent with the odds of 1:20 for a particular measurement to be outside of this range [7] ).
In the process of estimating uncertainty, a consideration must be given to the fact that the measured parameter is the strain but the inferred parameter is its slope-the linear thermal expansion coefficient. Furthermore, the average slope from all experiments is calculated only after strain curves are shifted to minimize their offset, as described above. It follows that a standard deviation value of the strain distribution, when calculated independently at a particular temperature for all data sets after curve shifting, may represent an overly optimistic estimation of certainty (most likely to occur at the middle of the temperature range). Instead, the uncertainty range in Fig. 5 is calculated as the average of all individual uncertainty values calculated at each temperature point, a value which is assumed to better represent the overall uncertainty in experimentation and analysis technique.
Distribution of results for each cocktail out of full range is: ±6.9% for DP6+PEG400, ±4.3% for DP6+1,3-CHD, and ±8.3% for DP6+2,3-BD. The differences between the best fit for each cocktail is within the above uncertainty range as shown in Fig. 6 , which suggests that differences in thermal expansion between the different cocktails are relatively small. For clarity in presentation, an uncertainty range is presented for DP6+PEG400 only, to display a representative distribution of results.
Unified Thermal Expansion Curves
The thermal expansion in the upper part of the cryogenic temperature range, where the material behaves as a fluid, has been recently studied [5] , while the current study is focused on the lower part of the cryogenic temperature range, where the material behaves as a solid for the time scale of experimentation. Both datasets include overlapping thermal strain measurements, centered around −80°C, which enables merging the separate sets of data into a unified curve covering the entire cryogenic temperature range. The process for creating the unified thermal expansion curve followed these steps: (i) While taking 0°C as a reference temperature for datasets in the upper part of the cryogenic temperature range, each polynomial approximation for a specific cocktail was shifted in the ε direction within the ε-T plane, until the strain at this temperature became zero. (ii) While taking −80°C as a reference temperature for datasets in the lower part of the cryogenic temperature range, each corresponding polynomial approximation was shifted, until both datasets for the same cocktail received the same strain value at −80°C. (iii) A fourth order polynomial approximation was fitted to the combined datasets. Figure 7 displays the corresponding three unified curves and Table 1 lists the corresponding fitted parameters. For a 2σ range (twice the standard deviation; including 95% of all measured data), distribution of results for each cocktail is found within: ±1.5% for DP6+PEG400, ±1.0% for DP6+1,3-CHD, and ±2.2% for DP6+2,3-BD, all with respect to full range measurements. It was essential to construct the unified thermal expansion curve from the individual polynomial approximations of the subsets (upper and lower parts of the cryogenic temperature range) rather than from the raw data of all experiments combined, in order to resolve issues associated with the variation in conditions inherent to the different experimental studies, such as sampling rate, minimum temperature achieved, and the number of experiments.
In a previous study on DP6 in the absence of SIMs [9] , a significant portion of the unified curve had to be interpolated, since the two inherently different measurement techniques did not enable overlapping results. Thermal expansion data of DP6 for the upper part of the cryogenic temperature region [16] only extended down to about −40°C, due to the onset of crystallization for the achievable cooling rate. That necessitated data interpolation, which reduced the quality of the previously published unified curves [9] . No onset of crystallization was observed for DP6 combined with SIMs in the upper part of the cryogenic temperature range [5] , for the same thermal conditions previously applied in the absence of SIMs [16] . Due to this additional ice suppressing ability, data from [5] was combined with data from the current study to form a unified thermal strain curve without the need for any interpolated region. It should be noted that due to the inherent uncertainties associated with fitting and re-fitting, if possible, it is probably better to use the individual fits from either the upper or lower cryogenic temperature regions instead of the unified fit for thermal strain calculations.
SUMMARY
Thermal expansion of goat arteries permeated with DP6, combined with selected SIMs, was measured in the lower part of the cryogenic temperature range. Results obtained in the current study were combined with recently obtained data from the upper part of the cryogenic temperature range, in order to formulate unified thermal expansion curves. This database is essential for computation of the formation of thermo-mechanical stress in vitrifying CPAs. The application of SIMs enabled obtaining thermal expansion data in the temperature range of −160°C to 0°C, which was not achievable in the same cooling rates in previous studies in the absence of SIMs.
While thermal expansion is the driving mechanism of thermo-mechanical stress, which may shed light on the likelihood of compromising the structural integrity of the material, additional physical properties must be measured in order to fully characterize the special cocktails combining SIMs. Given the demonstrated low cooling rates with no significant crystallization effect (discussed in greater detail in [5] ), the application of SIMs appears very promising for the development of new cryopreservation techniques. Schematic illustration of the experimental setup to measure the thermal expansion in the current study [8] . Polynomial approximations of the three DP6 + SIM solutions. Since data compilation was performed for the rewarming stage, which started in the temperature range of −170ºC to −160ºC, a strain value of zero was selected at the reference temperature of −160ºC. For clarity in presentation, representative error bars (±2σ) are displayed for the DP6+12% PEG400 curve only. Eisenberg Unified thermal-expansion curves including data from the upper [5] and lower [current study] parts of the cryogenic temperature range, for DP6 combined with (a) 12% PEG400, (b) 6% 1,3-CHD, and (c) 6% 2,3-BD. Symbols represent data points calculated from the polynomial approximation for each subset (Table 1) , solid lines represent polynomial approximations of the unified thermal strain, and dashed lines represents the ±2σ range. Table 1 Coefficients of best-fit approximation of the thermal strain, 
